To determine the possible role of Wnt signaling in cranial placode development, we have cloned several chick frizzled genes, a family of putative Wnt receptor molecules, and analyzed their expression during chick embryogenesis. Chick frizzled-2 (cFz-2) and frizzled-7 (cFz-7) are expressed broadly in cranial ectoderm, tissue that is competent to express markers of the trigeminal placode (Stark et al., 1997. Development 124, 4287±4295; Baker et al., 1999. Development 126, 147±156). In addition, cFz-2 and cFz-7 are uniquely expressed in other cranial placodes, including the olfactory, lens, and otic placodes. Chick frizzled-1 (cFz-1) is expressed in the lens, otic placode and, along with cFz-7, in epibranchial placodes. Each frizzled gene expressed in the otic placode displays a unique domain of expression: cFz-1 transcripts are detected in the medial wall of the vesicle, cFz-2 in the rostral rim of the vesicle, and cFz-7 in the lateral half of the vesicle. Other chick frizzled family members cloned that do not show striking expression in cranial placodes include frizzled-4 (cFz-4), frizzled-8 (cFz-8), frizzled-9 (cFz-9), and frizzled-10 (cFz-10). A brief summary of their expression is given, along with a brief summary of nonplacodal expression of cFz-1, cFz-2, and cFz-7. In all, frizzled genes show dynamic expression at key times during embryonic development, particularly in the cranial placodes. q
Results

Isolation of chick frizzled genes by degenerate RT-PCR and library screening
To identify chick frizzled family members expressed in the cranial placodes and neighboring neural tube, degenerate RT-PCR was performed on chick cranial placode and neural tube cDNA. Probes made from these frizzled cDNA fragments were used to screen a stage 4-11 (Hamburger and Hamilton, 1951 ) chick cDNA library generated by the Schoenwolf laboratory. Seven frizzled family members were identi®ed in this screen, including cFz-1, cFz-2, cFz-4, cFz-7, cFz-8, cFz-9, and cFz-10. Most contain full-length or near full-length coding sequence, and all can be identi®ed with known frizzled genes in other species, including mouse (Wang et al., 1996; Wang et al., 1999) and human (Koike et al., 1999) . Each predicted protein sequence showed 88% similarity or greater to its mammalian counterpart. The chick homologue of three genes, cFz-1 (#AF031830), cFz-7 (#AF031831) and cFz-10 (#AB023806) had been identi®ed by others, and their sequences were available in the GenBank nucleic acid database. Additional frizzled genes have been reported in the literature (Nohno et al., 1999) , however the sequences were not available for comparison at the time of this submission. The GenBank accession number for each gene reported here is listed in Table 1 . To evaluate the expression domains of these newly identi®ed frizzled genes, whole-mount in situ hybridization was performed on chick embryos of various stages. Three of the frizzled family members we identi®ed showed striking expression in one or more cranial placodes: cFz-1, cFz-2, and cFz-7. Here we focus on the placodal expression of these three genes. We also provide a brief summary of non-placodal expression of all frizzled genes cloned in this study.
1.2. Chick frizzled-1 (Fig. 1) Placodal expression of cFz-1 was ®rst apparent at stage 9, when low-level expression was detected in the otic placodes (Fig. 1B) . More obvious expression was observed in the neural tube at this stage, where mRNA was detected in both the midbrain and rostral hindbrain (Fig. 1A) . Expression in the neural tube abruptly ended caudally at the rhombomere 3/4 boundary, and expression persisted through about stage 15. The roof plate of the neural tube did not express cFz-1 (Fig. 1D) . Expression in the ectoderm in and around the otic placodes was strong at stage 12 (Fig. 1C,E) , and at stage 13/14, ectodermal expression was con®ned to the medial wall of the otic vesicles, being excluded from the dorsal and ventrolateral walls (Fig. 1F,I ). At stage 16, otic expression was diminished as cFz-1 began to be expressed in the epibranchial placodes (Fig. 1G, arrows) . Expression in the lens of the eye was ®rst observed at about stage 15, and expression was more evident at stage 16, especially in the rim of the lens and in the immediately adjacent ectoderm (Fig. 1G,J) . Epibranchial placode expression was strongest at stage 20 (Fig. 1H, arrows) , when lens and otic expression were very weak or non-detectable (Fig. 1H,K,L) . In addition, cFz-1 was detected at stage 20 in the lips of the optic cup, in the mesenchyme surrounding the eye, in the ectoderm overlying the lens, and in the ectoderm caudal and ventral to the olfactory placodes.
1.3. Chick Fz-2 ( Fig. 2) As previously reported, most head ectoderm is competent to form the trigeminal placodes (Baker et al., 1999) . Interestingly, early cFz-2 expression resembled this domain of competence. By stage 8-, cFz-2 was faintly expressed in cranial ectoderm ( Fig. 2A , arrow) as well as in the newly formed somites. Stage 9/10 embryos expressed cFz-2 broadly throughout the cranial ectoderm (Fig. 2B,D) , including in the anterior neural ridges (Fig. 2C ), tissue that gives rise to the olfactory placodes (Couly and Le Douarin, 1988; Ayer-Le Lie Ávre et al., 1995) . By stage 11/ 12, more robust cFz-2 expression was detected in ectoderm adjacent to the hindbrain, including the otic placodes (Fig.  2E ,F). cFz-2 was expressed transiently in the lens placode at stages 13±15 (Fig. 2G,H) . At similar stages, broad ectodermal expression persisted in the head (Fig. 2G,I ), while otic placode expression became restricted to the rostrolateral domain of the vesicle and adjacent ectoderm, with faint expression around the vesicle's closing rim (Fig. 2G,J) . In older embryos, broad epidermal expression made wholemount analysis dif®cult (Fig. 2K, arrow) , and in sections, no obvious expression was observed in the lens of the eye or in the otic vesicles ( Fig. 2K) , indicating a downregulation in differentiating structures.
Chick Fz-7 (Fig. 3)
Chick frizzled-7 (cFz-7) expression was detected by stage 6 (Fig. 3A) , earlier than cFz-1 or cFz-2. As with cFz-2, cFz-7 was expressed at early stages in ectoderm competent to form the trigeminal placodes (Fig. 3B,C) . Whereas cFz-2 expression was excluded from the neuroepithelium, cFz-7 was expressed in the forming neural tube, including marked expression in the neural folds as they began to elevate (Fig.  3D) . Interestingly, cFz-7 was not detected in trunk surface ectoderm (Fig. 3E) . It has been shown that trunk ectoderm is not competent to express placodal markers (Baker et al., 1999) . By stage 8, cFz-7 expression persisted in the cranial ectoderm, and its expression was upregulated in the presumptive olfactory placodes (Fig. 3F,G, arrows) . By stages 11/12, cFz-7 expression had diminished in the neural tube, but it persisted in the cranial ectoderm (Fig. 3H,I ). Lens and otic placode expression were ®rst visible at stage 12, with strongest expression detected at stages 13± 16 (Fig. 3J±L) . By stage 18, ectodermal, otic, lens, and olfactory placode expression had diminished as cFz-7 began to be expressed in the epibranchial placodes (Fig.  3M ).
Non-placodal expression of frizzled genes
While not the focus of this study, we also observed frizzled expression in non-placodal tissues; we brie¯y summarize these observations here. cFz-1, cFz-2, cFz-7, and cFz-9 all showed expression in the developing somites, however, the domain of somite expression differed for each. Speci®cally, cFz-1 and cFz-2 were expressed in the dermomyotome, whereas cFz-9 expression was limited to the more medial myotome compartment. Somitic expression of frizzled genes was not surprising, because Wnt signaling has been shown to play a role in somite differentiation (Hirsinger et al., 1997; Marcelle et al., 1997; Borello et al., 1999a; Cossu and Borello, 1999) , and in mouse, frizzled genes have been shown to be expressed in the developing somites (Borello et al., 1999b) . In addition to somitic expression, several frizzled genes were expressed in the developing limb (as reported by Nohno et al., 1999) , where Wnt signaling is thought to act in establishing dorsoventral polarity and in AER formation (Kengaku et al., 1998) . In addition, cFz-4, cFz-8, and cFz-10 also had unique expression domains. Brie¯y, cFz-4 was expressed in the developing kidney, interdigital spaces, and optic cup. cFz-8 was expressed most obviously in the prechordal plate, matching the reported expression of Fz-8 in zebra®sh (Kim et al., 1998) . cFz-10 was expressed prominently in the dorsal ectoderm overlying the developing Table 1 .
Methods
Isolation of chick cranial placode and neural tube cDNA
Stage 8±15 chick embryos (Hamburger and Hamilton, 1951) were collected in sterile PBS and soaked in 2 mg/ ml dispase for 15 min on ice. Target tissue was isolated in dispase at room temperature by separating the cranial ectoderm from the underlying neuroectoderm and mesoderm using glass needles and ®ne forceps. Tissue was then washed in PBS, and total RNA was obtained using TRIzol (Gibco-BRL). Reverse transcription was performed on the total RNA with Superscript II (Gibco-BRL) using oligo-dT (Gibco-BRL) as primers, resulting in newly synthesized chick stage 8±10 cranial ectoderm cDNA or stage 15 neural tube cDNA. that proved to be most ef®cient were as follows: 948C, 50 s; 458C, 50 s; 728C, 50 s for ®ve cycles, followed by 948C, 50 s; 508C, 50 s; 728C, 50 s for 30 cycles. PCR reactions were immediately assayed by gel electrophoresis, and products were cloned using the TOPO II PCR cloning kit (Invitrogen). Clones were prepared for nucleotide sequencing, and sequencing was performed by the molecular biology core facility at the University of Utah. Frizzled clones isolated by degenerate PCR were used to produce a-32 P labeled probes by random priming. Probes were used to screen a stage 4±11 l-ZAP II library (Stratagene) developed in the Schoenwolf laboratory. The library was plated and screened according to protocol (Stratagene). Positive clones were sequenced as described, and individual gene identity was Fig. 3 . Chick frizzled-7 (cFz-7) was analyzed at HH stages 4±22 for expression in the cranial placodes. (A) A stage 6 embryo showing weak expression throughout the rostral neuroectoderm. (B) By stage 8, expression is strong in the neuroectoderm and in the cranial ectoderm. When viewed dorsally, the neural folds appear to be expressing cFz-7 at higher levels only because of the dorsoventral thickness of the neural tube (see graphics box in panel C). (C±E) Sections through the embryo shown in B. At midbrain levels (C) expression in the neural tube and surface ectoderm is fairly uniform, with some cells expressing cFz-7 and high levels (arrow). At hindbrain levels (D), uniform expression is maintained, and strong, punctate expression can be detected in the neural folds as they begin to elevate (arrow). cFz-7 is not detected in trunk ectoderm or trunk neuroectoderm (E). determined by comparison with known frizzled genes in chick and other vertebrate species.
Degenerate RT-PCR and library screening
Whole-mount in situ hybridization
Whole-mount in situ hybridization was performed as previously described (Henrique et al., 1995) . Embryos were subsequently embedded in gelatin and cryostat sectioned for detailed analysis as previously described .
